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Abstract
Metallic bowtie antennas are used in nanophotonics applications in order to confine the electromagnetic field into volumes much
smaller than that of the incident wavelength. Electrically controllable carrier concentration of graphene opens the door to the use of
plasmonic nanoantenna structures with graphene so that the resonant nature of nanoantennas can be tuned. In this study, we
demonstrated with the Fourier transform infrared (FTIR) spectroscopy and the Finite Difference Time Domain (FDTD) method that
the intensity and resonance peak of bowtie nanoantennas on monolayer graphene can be tuned at mid-infrared (MIR) wavelength
regime by applying a gate voltage, since the optical properties of graphene change by changing the carrier concentration.
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Graphene is a monolayer of carbon atoms that are
arranged in a two-dimensional (2D) honeycomb lattice.
Property of the ballistic transport of electrons in
graphene makes it a very unique material, since the
graphene mobility can reach up to 100,000 cm2 V1 s1
[1–3]. Electrons in a graphene monolayer, which can
travel for micrometers without scattering at room
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1569-4410/# 2014 Elsevier B.V. All rights reserved.where principles of quantum electrodynamics can be
tested [5,6]. Graphene has attracted great attention due
to its exceptional optical properties along with its
electrical and mechanical properties. Its optical proper-
ties make it ideal for terahertz oscillators, and low-noise
electronic and optical sensors [7]. It exhibits a saturable
absorption constant as a consequence of Pauli blocking
[8–10]. Graphene has been a new candidate for future
nanophotonics so far with the numerous applications
based on metamaterials [11], photodetectors [12–14],
photovoltaics [15], and nanoantennas [16,17], where
electronics and plasmonics are combined in nanocir-
cuitry [18]. Surface plasmons that are bound to
graphene are confined to volumes on the order of
106 (1/a3) times smaller than the diffraction limit,
where a = e2/£c is the fine structure constant [19]. As a
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graphene favorable for new plasmonic applications
due to the field enhancement and confinement. The
optical conductivity of graphene depends on the doping
of the graphene layer at the infrared frequency regime.
Since high frequency interband transitions in graphene
can be exploited through electrical gating [20], the
plasmon resonance of graphene-hybrid structures such
as nanoantennas can be modulated by applying a gate
voltage [16,17,21,22].
Bowtie antennas are similar to dipole antennas,
however they have a larger bandwidth compared to
dipole antennas. The broadband nature of bowtie
antennas provides flexibility in terms of operation
frequency. Bowtie nanoantennas made of gold are
critical in applications such as the enhancement of
single-molecule fluorescence [23], single-particle trap-
ping [24], and efficient surface-enhanced Raman
spectroscopy (SERS) substrate [25], due to strong
electromagnetic field enhancement. In this study, the
resonance properties of the bowtie nanoantennas at the
mid-infrared wavelength regime are controlled by the
electrical gating of the graphene layer, where we
obtained 113 nm shift at the resonance peak. It was
shown in the earlier study by Emani et al. [17] that the
tuning is possible, but limited, by using connected
bowtie antennas. Here, the tuning range is further
enhanced by using bowtie antennas with a gap, and also
by designing the antennas which operate at mid-infrared
wavelengths.Fig. 1. (a) Fabricated four-contact Van der Pauw device for Hall measurem
active graphene region with nanostructures between drain (D) and source (S) 
drain–source current with respect to the gate voltage, and (d) calculated varia
voltage difference DV.2. Methods
Commercially available (Graphene Supermarket)
monolayer graphene samples grown via Chemical
Vapor Deposition (CVD) on p-doped silicon substrates
coated with 285 nm SiO2 dielectric film are used in
fabrications. In order to measure the mobility and
carrier concentration of graphene samples, Hall
measurement, which is a technique to measure the
mobility with the help of charge carriers, is performed
by fabricating four-contact Van der Pauw devices as
shown in Fig. 1(a). The average of several Hall
measurements at room temperature from different Van
der Pauw devices of a chip sized 1 cm  1 cm resulted
that the graphene samples are very uniform, and they
have a mobility of 2286 cm2/V s, and 7.85  1012 cm2
sheet carrier concentration, where the positive carrier
concentration means that the majority carriers are holes.
In addition, the sheet resistance of the graphene samples
is on the order of 1000 V/&, which shows a good
agreement with the values in the literature [26].
For the preparation of the transistor-like devices with
bowtie antennas, we fabricated our own optical mask by
using electron beam lithography. The first step of the
device fabrication is the ohmic contacts with optical
lithography for the drain and source. 20 nm titanium
and 80 nm gold are deposited as ohmic contact
metallization with electron beam evaporator. Then,
optical lithography for mesa etching is carried out in
order to obtain the active area that connects the sourceents, (b) optical microscopy image of the tunable bowtie device, i.e.
contacts; inset showing SEM picture of a bowtie antenna, (c) measured
tion of carrier concentration and Fermi energy with respect to the gate
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graphene on the chip. The etching process is carried out
with ICP-RIE by exposing samples to O2 plasma for
20 s with 50 W RF power, and 1100 W ICP source
power. After that, another optical lithography for
interconnect metallization is done in order to be used
for probing and bonding purposes. 20 nm titanium and
200 nm gold are evaporated as interconnect metals. As
the last step of the nanofabrication, bowtie arrays are
lithographed on the active region by using electron
beam lithography, followed by 5 nm Ti and 40 nm Au
evaporation. Optical microscopy image of a completed
fabrication of a device is shown in Fig. 1(b). Scanning
electron microscopy (SEM) image of a unit cell of a
bowtie antenna array, which will be referred as Sample
1, is given in the inset of Fig. 1(b). Here the gap distance
is measured to be 177 nm, total length of a single bowtie
is 4.46 mm, and the flare angle is 588. Before the optical
measurements, dark current–voltage measurements
were performed. Charge neutrality point of the
graphene sheet is observed to be at 140 V, as plotted
in Fig. 1(c). High carrier concentration of graphene, as
measured using Van der Pauw devices, results in a large
value of charge neutrality point. The reason is predicted
to be due to the resist residues on the graphene surface
as discussed in Ref. [27].
Theoretical calculations, in order to obtain the Fermi
energy dependent refractive index of graphene, are
carried out by using the optical conductivity of
graphene from the random-phase approximation
method [28,29].
EF ¼ hnF
ﬃﬃﬃﬃﬃﬃﬃﬃ
pNS
p
(1)
Fermi energy, EF, can be expressed as in Eq. (1) [30],
where yF is the Fermi velocity, and Ns is the sheet carrierFig. 2. (a) Measured reflectance spectra at different DV; enlarged view of res
antenna array at different gate voltages; inset showing the x-component 
interpretation of the references to color in text, the reader is referred to thconcentration. The optical conductivity of graphene
[28,29] can be changed with different Fermi energies,
which is a function of the sheet carrier concentration of
graphene, as seen in Eq. (1). It was demonstrated in Refs.
[30,31] that the charge concentration is linearly
proportional with the applied gate voltage and, therefore,
the optical conductivity of graphene can be tuned at
different gate voltages. Relation between the applied gate
voltage and carrier concentration/Fermi energy is plotted
in Fig. 1(d). Here the voltage difference, DV, is defined by
DV = jVg – VCNPj, where Vg is the gate voltage and VCNP
the voltage at the charge neutrality point.
3. Results and discussion
Fourier transform infrared (FTIR) spectroscopy
measurement results for Sample 1 are given in
Fig. 2. Reflection spectrum in Fig. 2(a) shows that
reflectivity changes with a blue shift, as the voltage
difference increases, since the refractive index of the
graphene layer changes with the applied voltage. There
is a 113 nm shift at the peaks between DV = 0 V and
140 V cases, as demonstrated in the inset of Fig. 2(a).
Along with the blue shift, reflection curves exhibit an
asymmetric nature with the applied voltage. The reason
of this asymmetry is that the tuning of the curves are
much more pronounced at longer wavelengths, because
the optical conductivity of graphene changes more at
the longer wavelengths for different Fermi energies. In
other words, graphene is more sensitive at longer
wavelengths. It is also observed that the resonant curves
narrow down for larger DV, which will be discussed
later. Relative reflectivity with respect to the reflection
at the charge neutrality point is shown in Fig. 2(b). It is
seen that the curves blue shift by applied voltage.onance peaks shown in the inset, and (b) relative reflectivity of bowtie
of electric field intensity for Sample 1 at 5.5 mm and 7 mm. (For
e web version of this article.)
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Fig. 4. Quality factor (black squares) and line width difference (red
dots) under different gate bias. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of
this article.)Calculated results of jExj2 on the surface at the
wavelengths of 5.5 mm and 7.0 mm are demonstrated in
the inset of Fig. 2(b), in order to be able to understand
the reason of the intensity change at 7 mm. The real and
imaginary parts of the refractive index of graphene are
calculated for different Fermi energies, and hence
different gate voltages. The numerical simulations are
performed by using commercially available software
package Lumerical by embedding these refractive index
data as a new material. Field intensity and localization
at off-resonance wavelength (7 mm) is higher than that
of resonance wavelength 5.5 mm, where the field is
mainly localized at the gap region. Additionally, there is
a coupling between neighbor bowties at 7.0 mm, and the
tunability of the curves depends on the interaction
volume between light and graphene. Since the total
interaction volume is higher at 7.0 mm, electric field at
this wavelength results more interaction with the
graphene layer, and the generated e–h pairs decrease
the resonance more around 7 mm. Calculated reflectiv-
ity of the structures under different bias voltage is also
shown in Fig. 3, where the resonance shift is
approximately 190 nm. Fermi energy of the graphene
is converted to the voltage difference according to the
relation given in Fig. 1(d). The results are in agreement
with the measurements. The discrepancies are due to the
fabrication imperfections, and the possible defects and
grain boundaries on graphene surface.
Quality factor and line width difference, Dl,
variation under different gate bias are shown in
Fig. 4. Quality factor is the ratio between the resonance
peak and the bandwidth of the reflection curve. Line
width represents the full width half maximum of a
reflectivity curve, and Dl is the difference of full width
half maximum values relative to the curve at DV = 0.
Line width of the reflectivity peak decreases, as the gate
voltage difference, DV, increases. In other words, curves
narrow down up to 120 nm at larger DV. Therefore, theFig. 3. Calculated reflectance spectra at different DV.quality factor increases. Incident photons having
energies higher than 2EF are absorbed, since they
can generate electron–hole pairs. At the charge
neutrality point, DV = 0, Fermi energy goes to zero,
according to Eq. (1). This results in more interband
transitions due to the incident photons, thus increasing
the absorption, because almost all of the photons are
able to exceed 2EF. The results shown in Fig. 4 are
consistent with this qualitative explanation. The
reflection curve at the charge neutrality point is the
broadest one having the lowest quality factor.
The importance of the coupling between the
neighboring bowties can be further analyzed. The
graphene between the neighboring bowties in x-direction
is removed in simulation environment. The comparison
between two cases, where there is graphene on the entire
surface and graphene removed for isolation, is demon-
strated in Fig. 5. The sheet concentration of graphene is
taken to be 7.85  1012 cm2, which corresponds toFig. 5. Comparison of calculated reflectivity between the structure
with graphene everywhere and graphene removed between two
neighbors in x-direction.
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Fig. 6. Relative reflectivity of Sample 2 for (a) TE, electric field in the x-direction, and (b) TM polarization.DV = 140 V case in our experiments. As seen in the
figure, results do not change up to the resonance
frequency, however, there is a shift at the larger
wavelengths. Therefore, it is important for this case to
have graphene everywhere on the surface, because the
interactions increase, when there is electric field
enhancement, which also increases the tuning capability
of the devices.
Experimental results for another bowtie antenna
array, Sample 2, that operates at 7 mm are given in
Fig. 6(a) and (b) for TE and TM polarized incident
waves, respectively. The total length of a single bowtie
is 6.1 mm, and the flare angle is 528. It is observed that
the damping effect is higher for the case of TE
polarization, where the electric field component of the
wave is in the x-direction. The excitation of the bowtie
gap and the coupling between two neighbor antennas
can be provided by TE polarization, whereas TM
polarization only excites the edges of the triangles.
Namely, it works as a periodic array made of triangles,
which can be seen from the field distribution insets of
Fig. 6. As a result, the effective graphene area is larger
for the case of TE. Therefore, reflectivity is more
sensitive to the voltage difference.
4. Conclusion
In summary, we demonstrated the resonance tun-
ability of bowtie nanoantennas with the help of
electrically gated graphene samples. We obtained a
frequency shift, resonance damping, and enhancement
by fabricating bowtie structures on a graphene layer.
Electrical tuning of antenna resonance with a varying
gate bias is studied with a theoretical modeling and
confirmed experimentally. As graphene-based devices
are already being realized at optical frequencies, it is
possible to use these bowtie and graphene-based
structures for new optical applications such as novelphotovoltaic, ultrafast miniature photodetectors and
optical switches. The research for novel applications
like optical switches will be conducted by us in the
future.
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